Manganese hexacyanoferrate (Mn-HCF) is a promising cathode material for sodium-ion secondary batteries (SIBs). We investigated the effects of partial substitution of Fe, Co, and Ni for Mn in Mn-HCF on the SIB rate and cycle performance. The discharge capacity is discernible at 50 C in the substituted samples, while it disappears at 20 C in the non-substituted samples. We ascribed the enhancement of the rate performance to the suppression of the Jahn-Teller distortion of Mn 3+ and the resultant activation of the Mn reduction reaction.
Introduction
Coordination polymers are promising cathode materials for sodium-ion secondary batteries (SIBs) because of the robust nature of their frameworks against Na + intercalation/deintercalation. Among the different coordination polymers, transition metal hexacyanoferrates (metal-HCF), [1] i.e., 6 ] y (A and M are alkali and transition metals, respectively), have been intensively investigated as cathode materials for SIBs. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Metal-HCFs contain a three-dimensional (3D)
A x M[Fe(CN)
jungle-gym-type framework with periodic cubic nanopores 0.5 nm in size at the edge. While
Goodenough's group [2] reported Na + intercalation behaviors in K-M-Fe(CN) 6 6 ] shows an excellent capacity of 209 mAh/g, which is mediated by one-and twoelectron reactions. Wang et al. [7] reported that rhombohedral Prussian white, Na 1.92 Fe[Fe(CN) 6 ], works as a cathode material.
Mn-HCF is especially interesting because it consists of ubiquitous elements only and is therefore a promising low-cost cathode material for SIBs. Takachi et al. [11] investigated the structural, electronic, and electrochemical properties of Na Fe, Co, and Ni, without lowering the capacity. We found that the discharge capacity is discernible even at 50 C in the substituted samples, while it disappears at 20 C in the non-substituted samples. The enhancement of the rate performance is ascribed to the activation of the Mn reduction reaction probably by the suppression of the cooperative JT distortion of Mn 3+ .
Experimental

Sample preparation and characterization
We prepared Mn-HCF and Fe-, Co-, and Ni-substituted Mn-HCFs using the method of precipitation from aqueous solutions in air at 40 ℃. For convenience, we denote the Fe-, Co-, and Ni- 
Characterization of the as-grown sample
The Synchrotron-radiation X-ray powder diffraction (SR-XRD) measurements were performed at the BL02B2 beamline [13] of SPring-8. The powder samples were filled into 0.3-mmφ boro-silicate capillaries and were placed on a Debye-Scherrer camera. The exposure time was 5 min. The X-ray wavelength (= 0.69923 Å) was calibrated using the lattice constant of standard CeO 2 powders. The Xray absorption near-edge structure (XANES) measurements were performed at the BL01B1 beamline of SPring-8. The powder samples were filled into 0.3-mmφ boro-silicate capillaries and the X-ray absorption spectra were obtained in a transmission configuration.
The transmission electron microscopy (TEM) images of the samples were obtained with JEM-ARM200F-G (JEOL Ltd.) at an acceleration voltage of 200 kV. In the TEM measurements, the sample powders were dispersed on the micro grid. The TEM images with high spatial resolution are not suitable for evaluation of particle size and its distribution. To evaluate the particle size, scanning electron microscopy (SEM) images with low spatial resolution were obtained with Mighty-8DX (Vertme). In the SEM measurements, the powder samples were attached with a silver paste on the sample holder. Then, the sample holder was dried in vacuum for several hours.
Electrochemical properties
The electrochemical properties were investigated in a beaker-type cell under Ar atmosphere in an
Ar filled glove box. The anode was Na metal, and the electrolyte was 1 M NaClO 4 in propylene carbonate (PC). To obtain the cathode electrode, a mixture of a sample, acetylene black, and polyvinylidene difluoride (PVDF) (= 7 : 2 : 1 in weight ratio) was pasted on an Al foil. The electrode thicknesses were 11 -15 µm. The active area of the film was 1.0 cm 2 . The typical mass of the sample was ~ 0.15mg/cm 2 . We confirmed that the battery performance is nearly independent of the mass of the sample. The upper and lower cut-off voltages were 4.2 and 2.0 V, respectively. During the rate performance measurements, the charge rate was fixed at 0.1 C. During the cycle dependence measurements, the charge and discharge rates were fixed at 0.3 C. We assembled two set of the battery cells for respective samples and confirmed the reproducibility of the electrochemical properties. Open symbols in Fig. 6(a) show the rate dependence of the relative capacity (Q/Q 0 : Q 0 is the value at 0.1 C). As indicated by the curves drawn to guide the eye, the partial substitution significantly enhances the rate performance. The enhancement is the most significant in Mn/Ni-HCF. Closed symbols in Fig. 6(a) show the rate performances of another set of the battery cells. The rate performances are nearly the same as the first set of the battery cells. Figure 4(b) shows the cycle dependence of Q/Q 0 (Q 0 is the value in the first cycle). It can clearly be seen that the partial substitution also enhances the cycle performance. The enhancement is significant in Mn/Fe-and Mn/Ni-HCFs.
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Discussion
Let us consider the possible origins for the enhanced performance by partial substitution of Fe, We note that the ionic radius (= 0.55 Å) of Co 3+ is much smaller than that (= 0.75 Å) of Co
2+
. Figure 8 shows the voltage-derivative (dQ/dV) of the capacity at 0.1 C. In Mn-HCF [ Fig. 8(a) performances by partial substitution. In the charge curve, the partial substitution makes the peak structure rather broader. Especially, the sharp peak due to the Fe oxidization reaction seems to merge into the broad background structure. Figure 9 shows the rate and cycle dependence of dQ/dV of Mn/Fe-HCF. We found that the peak structure due to Mn reduction reaction becomes weaker with rate and cycle.
A plausible mechanism of the activation of the Mn reduction reaction is as follows. Fig, 6(a) ].
Conclusion
In conclusion, we observed that partial substitution of Fe, Co, and . Thus, partially substituted Mn-HCFs are promising cathode materials for high-power batteries.
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